Cold-based polar glacier watersheds contain well-defined supraglacial, ice-marginal, and proglacial elements that differ in their degree of hydrologic connectivity, sources of water (e.g., snow, ice, and/or sediment pore water), meltwater residence times, allochthonous and autochthonous nutrient, and sediment loads. We investigated 11 distinct hydrological units along the supraglacial, ice marginal, and proglacial flow paths that drain Joyce Glacier in the McMurdo Dry Valleys of Antarctica. We found that these units play unique and important roles as sources and/or sinks for dissolved inorganic nitrogen and dissolved inorganic phosphorus and for specific fractions of dissolved organic matter (DOM) as waters are routed from the glacier into nutrientpoor downstream ecosystems. Changes in nutrient export from the glacial system as a whole were observed as the routing and residence times of meltwater changed throughout the melt season. The concentrations of major ions in the proglacial stream were inversely proportional to discharge, such that there was a relatively constant "trickle" of these solutes into downstream ecosystems. In contrast, NO 3 − concentrations generally increased with discharge, resulting in delivery of episodic pulses of dissolved inorganic nitrogen-rich water ("treats") into those same ecosystems during high discharge events. DOM concentrations or fluorescence did not correlate with discharge rate, but high variability in DOM concentrations or fluorescence suggests that DOM may be exported downstream as episodic treats, but with spatial and/or temporal patterns that remain poorly understood. The strong, nutrient-specific responses to changes in hydrology suggest that polar glacier drainage systems may export meltwater with nutrient compositions that vary within and between melt seasons and watersheds. Because nutrient dynamics identified in this study differ between glacier watersheds with broadly similar hydrology, climate, and geology, we emphasize the need to develop conceptual models of nutrient export that thoroughly integrate the biogeochemical and hydrological processes that control the sources, fate, and export of nutrients from each system.
meltwaters with high concentrations of dissolved inorganic nitrogen (DIN; Tranter et al., 1993; Hodson et al., 2005) and labile organic matter (Barker et al., 2006 (Barker et al., , 2009 Dubnick et al., 2010) . Microbial activity in cryoconite holes can generate high concentrations of dissolved organic carbon (DOC), dissolved organic nitrogen (DON), and dissolved organic phosphorus (DOP; Stibal et al., 2008; Bagshaw et al., 2013) , even in Blue Ice areas of the East Antarctic ice sheet where DIN may accumulate and is recycled by the cryoconite microbial community (Hodson et al., 2013) . These nutrients may be bio-available (Stibal et al., 2008; Anesio et al., 2009; Bhatia et al., 2010; Bagshaw et al., 2013) and can feed downstream ecosystems (Foreman et al., 2004) if the meltwaters connect to streams that transport them across the glacier surface. Surface streams are one of the least favourable biological habitats in the supraglacial system and are characterized by low concentrations of NO 3 − and low nutrient processing rates, but nitrification and dissolved organic matter (DOM) uptake have nonetheless been observed (Fortner et al., 2005; Scott et al., 2010 ).
On cold-based glaciers that are frozen to the bed, supraglacial streams transport meltwater across the glacier surface to either an unchannelized ice-marginal zone or a well-defined proglacial stream.
This ice-marginal environment has geochemical similarities with the subglacial environments in warm-based and polythermal glaciers because it can host a complex drainage network that includes thin films of water, water-saturated till, and poorly inter-connected ponds.
It is also the location where dilute supraglacial meltwater first comes into contact with abundant sediment, some of which may be freshly comminuted, and hence is an area of potentially high geochemical activity (Anderson et al., 2000) . Unlike many subglacial regions, the ice-marginal environment is exposed to atmospheric sources of solutes and atmospheric gases (e.g., O 2 and CO 2 ) that can fuel weathering processes.
Studies of the form, availability, and cycling of glacially derived nutrients highlight the importance of nutrients in supporting downstream ecosystems (e.g., Hood et al., 2009; Bhatia, Das, et al., 2013a; Lawson et al., 2013 Lawson et al., , 2014 Hawkings et al., 2015) . This is particularly evident in the polar desert watersheds of Antarctica's Dry Valleys (Moorhead et al., 1997 (Moorhead et al., , 2005 Foreman et al., 2004; McKnight et al., 2004; Barrett et al., 2007; Bate et al., 2008) where glacier runoff is effectively the only source of water and downstream lakes are among the most nutrient-limited aquatic ecosystems on Earth (Parker and Simmons, 1985; Priscu, 1995; Foreman et al., 2004; Dore and Priscu, 2013) . The fluxes and timing of nutrient delivery, especially of limiting nutrients, to depauperate downstream ecosystems may play an important role in controlling the rates and timing of primary production in those systems (Bagshaw et al., 2013) .
To date, there has been no integrated study of the distinct sources/sinks of macronutrients in Dry Valley watersheds and the nutrient cycling that occurs as waters flow en route to downstream proglacial ecosystems. Joyce Glacier in the Garwood Valley of Southern Victoria Land, Antarctica, provides a unique opportunity to study these processes. Its watershed includes distinct and accessible supraglacial, ice-marginal and proglacial hydrological units that exhibit variability in flow rates, water levels, and water residence times over the course of a melt season. These hydrological units differ in their degree of hydrologic connectivity, sources of water (e.g., snow, ice, and/or sediment pore water), meltwater residence times, allochthonous and autochthonous nutrients, and sediment loads.
This study has two objectives. The first is to evaluate whether/ how the distinct hydrological environments encountered by meltwaters passing through Joyce Glacier's supraglacial, ice-marginal, and proglacial drainage systems function as sources and/or sinks for dissolved macronutrients (N, P, and C). We predict that each hydrological environment will play a unique role in the meltwater and nutrient dynamics of the whole drainage system because they differ in terms of the degree of contact that occurs between water, geological material, the atmosphere, biotic communities, and allochthonous nutrient sources. We expect nutrient export from the whole system to be sensitive to the fraction of water that passes through each environment, and to the amount of time that water spends in each of them. Our second objective is therefore to evaluate how variations in the routing and transit times of meltwater passing through the combined supraglacial, ice-marginal, and proglacial drainage system affect the export of macronutrients from the system as a whole. Specifically, we seek to determine whether nutrient delivery to downstream ecosystems occurs as a steady "trickle" or as (Williams et al., 1971) . Mafic and felsic rocks are also present, and include amphibolites and rocks containing quartzfeldspar-biotite (Williams et al., 1971) .
Joyce Glacier, located at the western end of the Garwood Valley, were barometrically compensated using data from a CS100 Setra barometer installed at the Joyce Glacier weather station (see below).
Manual flow measurements, made almost daily between January 7th
and January 31st, 2010, were used to estimate discharge using the United States Geological Survey midsection method, with velocity measured at 0.6 of water depth in each segment of the cross-section (Turnipseed and Sauer, 2010 ) using a Marsh-McBirney Flo-Mate 2000.
Stage-discharge relationships were established using the Rating Curve toolbox in the AQUARIUS™ software suite, using 21 manual discharge measurements. Shift corrections were applied to the stagedischarge rating curve after January 17 to account for the effects of sediment aggradation on the hydraulic geometry. Due to difficulties in generating a stable rating curve, the magnitude of the calculated discharge values should be treated with caution.
| Meteorological monitoring
Meteorological conditions on Joyce Glacier were recorded using a Campbell Scientific weather station powered by a solar panel.
Measurements were logged every 5 minutes and stored as 15-minute averages in a Campbell Scientific CR1000 data logger and include air temperature and relative humidity (HMP45C sensor), incoming and outgoing short plus long wave radiation (CNR1 net radiometer), and wind speed and direction (RM Young 5103 sensor).
| Sampling
A total of 154 water samples were collected from the supraglacial (cryoconite holes/cryolakes, supraglacial streams), ice-marginal (gullies FIGURE 1 Location of the Garwood Valley (top) and study site (bottom) indicating sample locations in italics. Supraglacial samples (cryoconite holes/cryolakes, streams, snow, and ice) were collected within the region indicated by the grey dotted line on the Joyce Glacier and pond outflow), and proglacial (upstream, lake, and downstream) environments between January 6 and February 2, 2010. The samples probably do not represent the full range of spatial or temporal variability in water chemistry that exists within each environment.
Because the focus of our study is on nutrient dynamics in the proglacial stream, we targeted our sampling of the supraglacial and ice-marginal systems from multiple sites during conditions of high hydrological connectivity/export (between~11:00 and 18:00) and interpret our results in the context of other studies that more fully capture the temporal and spatial variability of similar environments.
We compare daily samples collected in the proglacial (Holland) stream in 2010 with samples from the source areas, as well as samples collected at 2-hr intervals over a 24-hr period on December 9-10, 2008 (Table 1) .
Water samples were collected in 1-L plastic Nalgene bottles after rinsing three times with sample. Ice samples were collected using an ethanol-bathed and flame-sterilized steel chisel and were melted in the field in sterile Whirlpak bags. An aliquot of sample was filtered through sterile 0.7 μm GF/F syringe/filters (rinsed three times with sample prior to use). Two 28-ml universal glass vials were each rinsed three times with filtered sample before being filled and frozen (for DOC, dissolved organic matter [DOM] , and total nitrogen
[TN] analyses). This procedure was also followed using 0.45 μm cellulose nitrate filters to fill two 50-ml plastic Nalgene bottles (for major ions) and two 1. Cl − ) were determined using a Dionex (DX-500) ion chromatograph equipped with a GP50 gradient pump and an autosampler with 5 ml polypropylene polyvials (as described by Lawson et al., 2013 Total dissolved P was determined using a sulphuric acid/ persulphate digestion step (Johnes and Heathwaite, 1992) . The samples were autoclaved with an oxidizing solution containing potassium persulphate, boric acid, and sodium hydroxide. The samples were then measured colorimetrically on a Shimadzu UVmini-1240 spectrophotometer for total dissolved phosphorus. The detection limit was 1.6 μM and accuracy was <5%. Nonpurgeable organic carbon and TN concentrations were determined by high temperature combustion (680°C) using a Shimadzu TOC-VCSN/TNM-1 analyzer equipped with a high sensitivity catalyst. The detection limit for evaluate the significance of between-environment differences in the frequency of detection. Where concentrations of a given constituent were above the detection limit in all samples taken from a specific environment, two-sample t tests were used to evaluate the statistical significance of concentration differences between environments.
Spearman Rank correlations were used to evaluate the significance of dependency between variables within an environment. We acknowledge that because samples were not collected randomly (in space or time), p values may not accurately reflect the true significance of the differences that exist within or between the hydrological environments sampled in this study. Nonetheless, a p value of <.05
was judged to indicate a significant difference for all statistical tests that were applied to the spatially and/or temporally clustered sample data that form the basis to this study.
The spectrofluorescence data were processed and modelled using principal components analysis to decompose the complex multivariate signals into linearly independent components (Persson and Wedborg, 2001; Barker et al., 2009) , which characterize the variance in the dataset and are interpreted as specific fractions of DOM. Due to the limitations associated with classifying individual components of DOM via fluorescence spectroscopy, particularly when using synchronous scans that cover only a small transect of the total optical space, we characterize DOM components broadly as being either protein-like (emission peak <350 nm) or humic-like (emission peak >350 nm; Carstea, 2012) .
Relationships between nutrient concentrations and coincident discharge rates (typically measured within 1 hr of sampling) were developed using Locally Weighted Scatterplot Smoothing (LOWESS) with a span of 0.7. Confidence intervals were calculated as AE two times the standard deviation of 1,000 LOWESS relationships derived by bootstrapping. The upper and lower confidence intervals from these curves were used to estimate nutrient fluxes at the calculated discharge rates throughout the monitoring period. (r s = 0.79, n = 22, p < .01; Figure 4 ). (Carstea, 2012) .
Although DOC concentrations in supraglacial snow and ice were not measured in this study, previous work reports DOC concentrations of between~20 and 40 μM in supraglacial snow and ice from the Dry Valleys (Bagshaw et al., 2013; Barker et al., 2013) .
Cryoconite hole waters had an average DOC concentration of 125 μM with a standard deviation of 75 μM (n = 13). Despite this variability in DOC concentrations, all cryoconite hole DOM samples had similar spectrofluorescence properties. In addition to strong loadings on Components 1 and 2, cryoconite hole samples contained a prominent peak at 298 nm with a fluorophore-like signal (systematic bell-shaped curve), described by principal components analysis Component 7, suggesting the presence of an additional protein-like moiety (Carstea, 2012) . Although this component explained only 0.04% of the variability in the total dataset, it had significantly higher loading on cryoconite hole DOM than on DOM from any of the other meltwater environments, including the outflow channels of the cryoconite holes (Figure 3h , ANOVA, p < .05). 5 , and 6). They are widely known as active biogeochemical systems (Bagshaw et al., 2007; Hodson et al., 2010; Tranter et al., 2010) and their nutrient dynamics are important because waters that pass through them comprise a significant portion of supraglacial runoff meltwater (Fountain et al., 2004) .
Cryoconite holes and cryolakes facilitate relatively prolonged and extensive rock-water contact, which can add rock-derived nutrients, such as DIP, to the solute-poor meltwaters. Geochemically active biota have been observed in cryoconite holes, which are known to assimilate inorganic nutrients (including DIN and DIP) in the production of organic material (Hodson et al., 2005) and play an important role in defining the biogeochemistry of supraglacial waters and the range of nutrients exported to downstream ecosystems (Bagshaw et al., , 2013 (Bagshaw et al., , 2016a . For example, the DIN requirements of primary producers in cryoconite holes in Antarctic blue-ice environments exceeds rates of DIN supply from ice melt at the base of the hole, suggesting that DIN is actively recycled within these systems and that they are likely to have an important influence on the nitrogen economy of supraglacial waters (Hodson et al., 2013) . DIN may also be utilized by microbes as an electron acceptor in energy-producing redox reactions such as denitrification Telling et al., 2011) .
Although nitrogen cycling in cryoconite holes and supraglacial streams can be complex, studies have identified the occurrence of nitrification (Baron et al., 1995; Hodson et al., 2005; Scott et al., 2010) , denitrification Telling et al., 2011) , nitrogen assimilation (Hodson et al., 2005) , and the production of particulate nitrogen (Bagshaw et al., 2013) .
Biological activity in cryoconite holes likely results in long-term net carbon fixation, which may be an important source of DOM for nutrient-poor downstream ecosystems (Bagshaw et al., 2016a) and, potentially, the protein-like DOM (Component 7) observed in this study. The relative abundance of this DOM fraction in cryoconite holes and cryolakes, and its depletion downstream, suggest that this fraction of the DOM pool may be labile and provide a metabolic substrate for downstream ecosystems. Other studies have identified similar autochthonous or microbial or protein-like DOM compounds in cryoconite holes world-wide (Lawson et al., 2013 (Lawson et al., , 2014 Pautler et al., 2013) and uniquely supraglacial fractions of DOM, which are likely labile (Bhatia et al., 2010; Dubnick et al., 2010; Barker et al., 2013; Lawson et al., 2014) , show nonconservative behaviour, and are depleted in downstream ecosystems (Barker et al., 2006 (Barker et al., , 2013 Hood et al., 2009; Scott et al., 2010) by biotic or abiotic processes (e.g., photochemical reactions).
| Ice-marginal environments
Solute-poor meltwaters from the supraglacial environment are routed into sediment-rich ice-marginal gullies, where large increases in NO 3 − occur ( Figure 3b; Figure 6) . A large portion of DIN supplied to meltwaters in the ice-marginal system may be sourced from the dissolution of nitrogen-containing salts. Low precipitation rates, humidity, and overland flow allow salts to accumulate in Dry Valley soils, similar to other arid regions where evaporation and sublimation exceed precipitation (Bisson et al., 2015) . Nitrates of sodium and magnesium, FIGURE 6 Summary of the sources and sinks for organic and inorganic nutrients in the supraglacial, icemarginal, and proglacial environments. Arrows indicate flow paths, "+" indicates sources, "−" indicates sinks including Darapskite (Na 3 NO 3 SO 4 H 2 O) and soda niter (NaNO 3 ), are widespread in South Victoria Land (Claridge and Campbell, 1968; Keys and Williams, 1981) Wait et al., 2006; Webster-Brown et al., 2010) .
Biogeochemical activity in the ice-marginal system may also supply meltwaters with DIN. Active microbial communities, which are likely important in N cycling, have been identified in recently deglaciated ice-marginal soils (Strauss et al., 2012) . Studies of freshly exposed, ice-marginal soils report that in situ N-cycling is initially dominated by nitrogen mineralization via the decomposition of organic matter (<10 years exposed), followed by N-fixation (50 to 70 years exposed; Brankatschk et al., 2011) . Other studies have identified the presence of nitrification in ice-marginal environments (Wynn et al., 2007; Hodson et al., 2009; Ansari et al., 2012) , and suggest that the amount of NO 3 − derived from nitrification can exceed that derived from atmospheric deposition (Roberts et al., 2010) .
There may be similar sources of DIN along the secondary flow path where meltwaters are routed from the apron of calved ice blocks along the terminus and the vertical ice cliffs to the ice-marginal pond. suggest that production and consumption of similar humic-like DOM can occur very rapidly, and that degradation can occur by microbial and photochemical processes (Stedmon and Markager, 2005) .
Although the ice-marginal zone is a potentially important source of nutrients to downstream ecosystems, nutrient transfer from the icemarginal pond to the proglacial stream occurs only intermittently. Outflow from the ice-marginal pond was typically active only during the daily flow peak (~12:00-24:00), on days with high solar radiation and/or during seasonal peak melt conditions (~January/February).
The hydrology of the ice-marginal zone therefore plays an important role in the timing of nutrient transport to the proglacial stream.
| Proglacial environments
DIN and DIP are supplied to meltwaters in the supraglacial and icemarginal environments and are likely depleted in the proglacial stream.
Decreases in DIN and DIP concentrations have been observed in other Dry Valley proglacial streams and have usually been attributed to nutrient uptake by benthic algal communities and mosses (McKnight et al., , 1999 . Microbial processes in the hyporheic zone, including denitrification and dissimilatory NO 3 − reduction to NO 2 − and NH 4 + , are also likely to contribute to DIN losses (Maurice et al., 2002; McKnight et al., 2004) ; however these losses are likely minor in comparison to those attributable to benthic algal communities . Dry Valley streams and lake ecosystems have been identified as among the most nutrient-poor ecosystems on Earth (Vincent and Vincent, 1982; Parker and Simmons, 1985; Priscu et al., 1989; Priscu, 1995; Dore and Priscu, 2013) material is supplied directly to the channel by aeolian transport, atmospheric deposition (Fortner et al., 2005 (Fortner et al., , 2013 (Lyons et al., 2003; Fortner et al., 2013) . FIGURE 7 Estimated total ion and NO 3 fluxes in the Holland Stream (upstream site) over the study period. Ranges were calculated using the upper and lower confidence intervals presented in Figure 4 Although we have established general relationships between total solutes and nitrate and proglacial stream discharge, considerable scatter exists (Figure 4 ) likely because watershed hydrology and biogeochemical environments evolve over the melt season. This evolution may involve, for example, changes in the rates of primary production in cryoconite holes due to seasonal variations in light intensity and air temperature (Bagshaw et al., 2016b) , changes in the chemistry of ice-marginal pond outflow due to vertical mixing in response to the effects of wind, precipitation, evaporation, and/or temperature (Wait et al., 2006) , changes in the availability of nitrate from the dissolution of salts if supplies become depleted as the melt season progresses, and changes in biological nutrient sources/sinks as microbial, benthic algae, and moss communities develop during the growing season (McKnight et al., , 1999 . Similarly, evolution of the hydrological system may involve flushing of the supraglacial environment during periods of rapid melt, expansion of the hyporheic zone and active layer over the summer, and expansion erosion and sedimentation which can reconfigure supraglacial, ice-marginal, and proglacial drainage systems. The co-evolution of biogeochemical and hydrological systems suggests that the dynamics of nutrient export from these systems may change over time.
Although the negative relationship between solute concentration and discharge (Figure 4) .is a relatively consistent observation in glacier systems, the strength of this relationship show spatiotemporal variability between Dry Valley (Lyons et al., 2003; Fortner et al., 2013 ) and other polar glacier watersheds (Wadham et al., 1998; Brown, 2002; Yde et al., 2014) . Even more variability is found among polar glacier systems in the case of DIN concentration against discharge relationships. Although we observed a positive relationship between NO 3 − concentration and discharge in the Holland Stream, these parameters were found to be unrelated at a polythermal glacier in the Swiss Alps (Tockner et al., 2002) , and inverse relationships have been observed in nearby Taylor Valley proglacial streams (Howard- Fortner et al., 2013) , a polythermal glacier in Greenland and a temperate alpine glacier in the Canadian Rockies (Lafrenière and Sharp, 2005) . However, the strengths of these inverse relationships and the degree of scatter show considerable spatiotemporal variability. Proglacial NO 3 − concentration against discharge relationships in waters draining a polythermal glacier system in Greenland (Leverett Glacier, Wadham et al., 2016 ) and a cold-based Glacier in the Dry Valleys of Antarctica (Canada Glacier; Fortner et al., 2013) are more similar to each other than those draining two nearby, cold-based glacier systems that have fundamentally similar glacier hydrology, biogeochemical systems along the flow path, climate, and geology (i.e., Joyce Glacier and Canada Glacier). Thus, although there is merit in making broad assumptions about the nutrient dynamics based on macro-scale glaciology and hydrology (e.g. cold-based vs. warm-based glacier systems) and upscaling from measurements on one watershed to produce regional nutrient flux estimates (e.g., Bhatia, Das, et al., 2013a; Hawkings et al., 2016; Wadham et al., 2016) and estimating nutrient fluxes under future climate conditions (e.g., Hawkings et al., 2015) , this study suggests that the detail of watershed biogeochemistry and hydrology in defining proglacial nutrient dynamics and spatiotemporal variability in fluxes may be substantial.
The influence of nutrient-specific, watershed-specific, and temporal variability on the dynamics of nutrient fluxes from polar glacier systems is not a new theme for studies of the chemistry of glacially derived meltwater. However, this study also underlines the important influence of dynamic changes in the connectivity of glacierproglacial biogeochemical systems on nutrient fluxes (Gooseff et al., 2016) and emphasizes the need to develop conceptual models that thoroughly describe the biogeochemical and hydrological components of the systems.
| CONCLUSIONS
This study identifies a series of distinct biogeochemical environments in the supraglacial, ice-marginal and proglacial systems of Joyce Glacier in Southern Victoria Land, East Antarctica. Although dissolved organic nutrient concentrations (DOC, DON, and DOP) were either below our detection limits or showed little variability between these environments, potential sources and sinks for DIN, DIP, and specific fractions of organic matter were identified. Specifically, snow, glacier ice, and the ice-marginal zone were important sources of DIN, and cryoconite holes and supraglacial and proglacial streams were sinks for DIN.
Cryoconite holes, cryolakes, supraglacial streams, and the ice-marginal environment were sources of DIP, which were likely utilized in the proglacial system.
Seasonal changes in the routing and residence times of meltwaters through the various biogeochemical environments along the flow path yielded nutrient-specific dynamics. The concentration of solutes (total ions) decreased with increasing meltwater discharge and resulted in a relatively constant trickle of solutes to downstream ecosystems. In contrast, DIN concentrations increased with discharge, resulting in episodic pulses of DIN-rich treats during high discharge events.
Although DOC concentrations did not correlate with discharge rate, high variability in DOC concentrations may indicate that DOC is also exported downstream as episodic treats, but that the timing of these treats may not coincide with peak discharge conditions as consistently as is the case for DIN. These nutrient-specific dynamics are not always consistent between proglacial streams in watersheds with similar climates, geology, and/or glacial thermal regimes, highlighting the important influence of dynamic changes in the connectivity of glacier-proglacial biogeochemical systems on nutrient fluxes (Gooseff et al., 2016) and emphasizes the need to develop conceptual models that thoroughly describe the biogeochemical and hydrological components of the systems. 
